Following DNA damage, cells undergo G2/M cell cycle arrest, allowing time for DNA repair. G2/M checkpoint activation involves activation of Wee1 and Chk1 kinases and inhibition of Cdc25A and Cdc25C phosphatases, which results in inhibition of Cdc2 kinase. Results presented in this report indicate that c-irradiation (IR) exposure of MCF-7 cells resulted in extracellular signal regulated protein kinase 1 and 2 (ERK1/2) activation and induction of G2/M arrest. Furthermore, inhibition of ERK1/2 signaling resulted in X85% attenuation in IR-induced G2/M arrest and concomitant diminution of IR-induced activation of ataxia telangiectasia mutatedand rad3-related (ATR), Chk1 and Wee1 kinases as well as phosphorylation of Cdc25A-Thr506, Cdc25C-Ser216 and Cdc2-Tyr15. Moreover, incubation of cells with caffeine, which inhibits ataxia telangiectasia mutated (ATM)/ ATR, or transfection of cells with short interfering RNA targeting ATR abrogated IR-induced Chk1 phosphorylation and G2/M arrest but had no effect on IR-induced ERK1/2 activation. In contrast, inhibition of ERK1/2 signaling resulted in marked attenuation in IR-induced ATR activity with little, if any, effect on IR-induced ATM activation. These results implicate IR-induced ERK1/2 activation as an important regulator of G2/M checkpoint response to IR in MCF-7 cells.
Introduction
The G2/M checkpoint is controlled by the Cdc2/Cyclin B complex, whose activity is required for G2/M transition of the cell cycle (Smits and Medema, 2001) . Previous studies have identified the Cdc2-Tyr15 as a critical site involved in G2/M checkpoint control in response to DNA damage. Cdc2-Tyr15 phosphorylation is induced and maintained during radiation-induced G2/M arrest and introduction of unphosphorylatable Cdc2-Y15F mutant in fission yeast abolished DNA damage-induced G2/M arrest (Kharbanda et al., 1994; O'Connell et al., 1997; Rhind et al., 1997) . Cdc2-Tyr15 is phosphorylated by Wee1, which phosphorylates Cdc2 at Tyr15, and Myt1 that phosphorylates Cdc2 at Thr14 and, to a lesser extent, at Tyr15 (Lundgren et al., 1991; Parker et al., 1992) .
Dephosphorylation of Cdc2-Tyr15 involves Cdc25A/ C dual specific phosphatases (Bulavin et al., 2003) . In response to DNA damage, phosphorylation of Cdc25A by Chk1/2 enhances binding of Cdc25A to SCF bTrCP and subsequent proteolysis of Cdc25A. In addition, phosphorylation of Cdc25A-Thr506 and Cdc25C-Ser216 following DNA damage enhances the binding of the phosphatases to 14-3-3, sequestering them from their substrates (Peng et al., 1997; Graves et al., 2001; Chen et al., 2003) .
Activation of mitogen-activated protein kinases (MAPKs) by DNA damage has been widely studied (Cui et al., 2000; Dent et al., 2003) . Whereas p38g activation may be essential in irradiation (IR)-induced G2/M arrest in HeLa and U2OS cells (Wang et al., 2000) , other studies demonstrate that DNA damage is associated with the extracellular signal regulated protein kinase 1 and 2 (ERK1/2) activation and G2/M arrest (Abbott and Holt, 1999; Tang et al., 2002) . Furthermore, inhibition of ERK1/2 activation increases sensitivity of cells to DNA damage (Abbott and Holt, 1999; Tang et al., 2002) . Thus, the specific effect of individual member of MAPKs on G2/M checkpoint is probably cell type dependent. We have recently reported a role of ERK1/2 in the control of the G2/M checkpoint following BRCA1 overexpression (Yan et al., 2005) . In the current study, we examined the effects of ERK1/2 on IR-induced G2/M checkpoint activation in MCF-7 cells. Results in this report indicate that ERK1/2 activation following IR is necessary for IR-induced G2/M checkpoint response in MCF-7 cells.
Results

IR induces activation of G2/M checkpoint and ERK1/2 signaling in MCF-7 breast cancer cells
To study the effects of IR exposure on MCF-7 cells, logphase cells were exposed to IR at the doses indicated. As shown in Figure 1a , IR treatment resulted in accumulation of cells with 4N-DNA content, indicative of G2/M arrest (Smits and Medema, 2001) . A maximal 6.7-fold increase in 4N-DNA content cells was detected in cells exposed to 20 Gy IR compared to the log-phase cells (upper panel) .
We next assessed the changes in ERK1/2 phosphorylation in cells exposed to IR. As shown in Figure 1b , IR treatment resulted in a rapid increase in ERK1/2 phosphorylation in MCF-7 cells, with a 14-fold increase observed at 15 min post IR. This increase in ERK1/2 phosphorylation was noted for at least 8 h following IR.
As the G2/M checkpoint is regulated by Cdc2/Cyclin B complex, we examined the time-dependent changes in Cdc2 kinase activity in MCF-7 cells following IR. Shown in Figure 1c , Cdc2 activity decreased 55% within 1 h following IR and remained inhibited for at least 24 h post IR (Figure 1c, upper panel) . The inhibition of Cdc2 activity following IR did not involve changes in Cdc2 protein, as equal amounts of Cdc2 protein were present in all Cdc2-immunoprecipitates used for kinase assays (lower panel, Cdc2 IP-WB). As shown in Figure 1c , Cyclin B levels were essentially unchanged for at least 8 h post IR and then decreased markedly by 12 h post IR (Cyclin B).
We next analysed the effect of IR on Chk1 and Wee1, key regulators of the G2/M checkpoint. As shown in Figure 1d , IR exposure resulted in a time-dependent increase in both Chk1 and Wee1 kinase activities (Chk1 activity and Wee1 activity). Although both activities were increased at 15 min post IR, maximal Chk1 activation occurred at 1 h post IR (Chk1 activity) and maximal Wee1 activation occurred at 2 h post IR (Wee1 activity). The increase of both kinase activities were not associated with increased protein expression, as Chk1 levels were unchanged following IR (Chk1 WB), whereas Wee1 levels actually decreased following IR (Wee1 WB). It should be noted that equal levels of Chk1 and Wee1 were present in all immunoprecipitates used for the kinase assays (Chk1 IP-WB and Wee1 IP-WB).
Previous studies show that DNA damage-induced Chk1 activation results in phosphorylation of Cdc25A/ Cdc25C and concomitant inhibition of both phosphatases (Peng et al., 1997; Graves et al., 2001; Zhao et al., 2002; Chen et al., 2003) . As shown in Figure 1e , IR treatment resulted in a marked increase in phosphorylation of Cdc25A-Thr506 and Cdc25C-Ser216 with little, if any, change in Cdc25A or Cdc25C protein levels.
These studies indicate that IR exposure of MCF-7 cells resulted in ERK1/2 activation as well as activation of both Chk1 and Wee1 and concomitant phosphorylation of Cdc25A-Thr506 and Cdc25C-Ser216. The net effect of these changes resulted in decreased Cdc2 activity and G2/M arrest in MCF-7 cells.
ERK1/2 activation is required for IR-induced G2/M arrest We next examined the effects of mitogen-activated protein kinase kinase 1 and 2 (MEK1/2)-specific inhibitor U0126 on IR-induced G2/M checkpoint. We ERK1/2 signaling in c-irradiation-induced G2/M arrest Y Yan et al previously reported that incubation of log-phase MCF-7 cells with 50 mM U0126 resulted in a maximal inhibition of ERK1/2 activation (Yan et al., 2005) . As shown in Figure 2a , pre-incubation of MCF-7 cells with 50 mM U0126 completely inhibited IR-induced ERK1/2 phosphorylation (upper panel), and markedly attenuated IRinduced G2/M arrest at 24 h post IR (lower panel). We also examined the effects of PD98059, another widely used MEK1/2-specific inhibitor (Yan et al., 2002) , on IR-induced G2/M arrest. As shown in Figure 2b , pre-incubation of MCF-7 cells with 100 mM PD98059 completely suppressed IR-induced ERK1/2 phosphorylation (data not shown) and markedly reduced IR-induced G2/M arrest (86%) (PD98059, open bar). These results are similar to that achieved following incubation of cells with U0126 (U0126, open bar). In the absence of IR, incubation with either U0126 or PD98059 alone had little effect on the proportion of cells with 4N-DNA content compared to untreated cells (solid bars).
To confirm the effect of ERK1/2 inhibition on IRinduced G2/M arrest, MCF-7 cells were transfected with short interfering RNA (siRNA) duplex targeting ERK1/ 2 (ERK1/2-siRNA). As shown in Figure 2c , transfection of cells with ERK1/2-siRNA resulted in a 68% reduction in ERK1/2 protein at 2 days following transfection and an 86% reduction at 4 days posttransfection (upper panel). In contrast, transfection of cells with Control-siRNA had no detectable effect on ERK1/2 protein levels (data not shown). We next examined the effect of ERK1/2 expression on IRinduced G2/M arrest. In these studies, cells were transfected with either ERK1/2-siRNA or ControlsiRNA and incubated for 3 days before IR (10 Gy). As shown in Figure 3a , incubation of cells with U0126 before IR exposure also resulted in a near complete inhibition of IR-induced activation of both Chk1 and Wee1 (Chk1 activity and Wee1 activity). Although treatment with IR and U0126 resulted in some decrease in Chk1 and Wee1 protein (Chk1 WB and Wee1 WB), similar amounts of Chk1 and Wee1 protein in immunoprecipitates were respectively utilized for Chk1 and Wee1 kinase assays (Chk1 IP-WB and Wee1 IP-WB).
We next examined the effect of ERK1/2 on Cdc2-Tyr15 phosphorylation in IR-treated cells. For these studies, Cdc2 protein was first immunoprecipitated from the cell lysates with an anti-Cdc2 specific antibody and then analysed for Cdc2-Tyr15 phosphorylation using an 
anti-phospho-Cdc2-Tyr15 specific antibody. As shown in Figure 3b , there was a 4-fold increase in Cdc2-Tyr15 phosphorylation in cells within 1 h following IR exposure. The induction of Cdc2-Tyr15 phosphorylation was completely abolished by incubation of cells with U0126 (Cdc2-Tyr15), which did not involve changes in Cdc2 protein (Cdc2-Tyr15 vs Cdc2-IP-WB).
We also examined the effect of ERK1/2 on Cdc2 activity following IR of MCF-7 cells. As shown in Figure 3c , although IR exposure markedly inhibited Cdc2 activity in cells within 1 h following IR (lanes 1-4), this effect was blocked by incubation of cells with U0126 (lanes 5-8).
Using histone H3 phosphorylation as a marker of mitotic cells (Xu et al., 2001) , the effects of ERK1/2 on the proportion of mitotic cells following IR exposure were also examined. As shown in Figure 4a Figure 2a and incubated for 2 h following IR. Chk1 or Wee1 was immunoprecipitated and assayed for kinase activities (Chk1 activity and Wee1 activity). The levels of Chk1 and Wee1 in the immunoprecipitates (Chk1 IP-WB and Wee1 IP-WB) and in the cell lysates (Chk1 WB and Wee1 WB) were assessed by immunoblotting. (b) Cells were pre-incubated for 1 h with 0.1% DMSO or 50 mM U0126, exposed to 10-Gy IR and incubated for additional indicated times before analysis. Cdc2 protein was immunoprecipitated from 200 mg lysate using anti-Cdc2 specific antibody and analysed for Cdc2-Tyr15 phosphorylation using antibody p-Cdc2 (Tyr15) by immunoblotting (Cdc2-Tyr15). Cdc2 protein in the immunoprecipitates and in cell lysates was determined by immunoblotting (Cdc2 IP-WB and Cdc2 WB). (c) Cdc2 in immunoprecipitates were assayed for kinase activity using histone H1 as substrate (Cdc2 activity) and measured for protein level by immunoblotting (Cdc2-IP-WB). ERK1/2 inhibition abolished IR-induced ATR but not ATM activation Previous studies indicated that double strand-DNA breaks result in the activation of ATM/ATR and that these kinases play important roles in the activation of G2/M checkpoint (Koundrioukoff et al., 2004) . As shown in Figure 5 (left panel), IR exposure of MCF-7 cells resulted in the time-dependent increase in ATM activity, as determined by phosphorylation of p53-Ser15 and Chk2-Thr68 as well as by the in vitro ATM kinase assay (p53-Ser15, Chk2-Thr68 and ATM activity). Similarly, ATR activity also increased following IR exposure of cells, as determined by in vitro ATR kinase assay (right panel, ATR activity). Although increases in ATM and ATR activities were detected within 15 min post IR, ATM activity increased 9-fold at 2 h and ATR activity increased 12-fold at 1 h following IR exposure. We next determined the effects of caffeine, a specific inhibitor of ATM/ATR (Sarkaria et al., 1999) , and U0126 on IR-induced ATM/ATR activation. Although incubation of cells with caffeine resulted in a marked reduction in phosphorylation of p53-Ser15 and Chk2-Thr68 (Figure 6a , p53-Ser15 and Chk2-Thr68, lanes 4-6), incubation with U0126 resulted in only a partial inhibition of IR-induced p53-Ser15 phosphorylation (Figure 6a , p53-Ser15, lanes 7-9) and little effect on IR-induced Chk2-Thr68 phosphorylation (Figure 6a , Chk2-Thr68, lanes 7-9). Although phosphorylation of p53-Ser15 can be induced by both ATM and ATR in response to DNA damage (Ward and Chen, 2004) , phosphorylation of Chk2-Thr68 appears to involve primarily ATM (Ahn et al., 2000; Matsuoka et al., 2000) . Thus, although caffeine treatment abrogated IRinduced ATM activation, treatment with U0126 had no effect on IR-induced ATM activation. In contrast, incubation with either caffeine or U0126 markedly inhibited IR-induced ATR activation (Figure 6b , ATR activity).
Inhibition of ATM/ATR by caffeine abolishes IR-induced G2/M checkpoint activation but has no effect on IR-induced ERK1/2 activation We further compared the effects of caffeine and U0126 on IR-induced G2/M arrest. As shown in Figure 6c , although incubation with either caffeine or U0126 had little effect on non-irradiated cells (solid bars), both agents inhibited IR-induced G2/M arrest in MCF-7 cells (open bars). Furthermore, whereas U0126 completely abolished IR-induced ERK1/2 activation, caffeine had no effect on IR-induced ERK1/2 activation (Figure 6d) . Thus, the inhibitory effect of caffeine on IR-induced G2/M arrest does not involve inhibition of ERK1/2 signaling.
As shown in Figure 7a , incubation with caffeine or U0126 also abolished IR-induced Chk1 activation in MCF-7 cells (Chk1 activity). We next examined the effects of caffeine and U0126 on Chk1-Ser317 phosphorylation following IR (Zhao and Piwnica-Worms, 2001 ). As shown in Figure 7a , although IR treatment resulted in a marked increase in Chk1-Ser317 phosphorylation, incubation with caffeine or U0126 completely abrogated Chk1-Ser317 phosphorylation in irradiated cells (Chk1-317). As shown in Figure 7b , IR-induced Wee1 activation was also abolished following incubation of cells with U0126 or caffeine (Wee1 activity). Thus, both ERK1/2 and ATM/ATR activation are necessary for Chk1 and Wee1 activation following IR.
It has been previously reported that DNA damageinduced Chk1 activation leads to the phosphorylation of Cdc25A/Cdc25C and that this, in turn, results in concomitant downregulation of both phosphatases (Chen and Sanchez, 2004) . As shown in Figure 7c , IR treatment of MCF-7 cells resulted in a marked increase in phosphorylation of both Cdc25A-Thr506 and Cdc25C-Ser216 (lanes 1-2) . Furthermore, incubation with either caffeine or U0126 completely abrogated the IR-induced phosphorylation of both phosphatases (lanes 3-6).
IR-induced G2/M checkpoint activation requires ATR kinase
The studies presented above indicated that U0126, which completely abrogated IR-induced G2/M arrest in MCF-7 cells, specifically blocked IR-induced ATR activation. We thus examined the role of ATR in IRinduced G2/M arrest using siRNA targeting ATR. As shown in Figure 8a (upper panel), ATR protein in ATRsiRNA-transfected cells was reduced by 72% at 2 days and 95% at 3 days, respectively. In contrast, transfection of Control-siRNA had no effect on ATR protein Figure 5 IR exposure induces activation of both ATM and ATR in MCF-7 cells. Cells were exposed to 10-Gy IR and incubated for the indicated times. Left panel: protein lysates were analysed by immunoblotting for phosphorylation of p53-Ser15 (p53-Ser15) and Chk2-Thr68 (Chk2-Thr68) using phosphorylation-specific antibodies. ATM kinase activity was measured using p53 recombinant protein as substrate (ATM activity). ATM protein in immunoprecipitates (ATM IP-WB) as well as in cell lysates (ATM WB) was determined by immunoblotting. Right panel: ATR kinase activity was measured using Chk1 recombinant protein as substrate (ATR activity). ATR protein in immunoprecipitates (ATR IP-WB) and in cell lysates (ATR WB) was assessed by immunoblotting. Figure 8a (lower panel), ATR-siRNA-transfected cells exhibited a 70% reduction in IR-induced G2/M arrest at 2 days post transfection and an 80% reduction at 3 days post transfection (ATR-siRNA vs untransfected). Transfection of cells with Control-siRNA had no effect on IRinduced G2/M arrest (Control-siRNA vs untransfected).
ERK1/2 signaling in c-irradiation-induced G2/M arrest Y Yan et al levels in cells (data not shown). As shown in
Although decreased ATR expression following ATRsiRNA transfection had no effect on IR-induced ERK1/ 2 activation (Figure 8b , pERK1/2), it completely abolished IR-induced Chk1-Ser317 phosphorylation (Figure 8b , Chk1-Ser317). These studies indicate that ATR expression is necessary for IR-induced G2/M arrest in MCF-7 cells, but it is not required for IRinduced ERK1/2 activation. As ERK1/2 activation is necessary but not sufficient for IR-induced G2/M arrest in MCF-7 cells, these results suggest that ERK1/2 activation is upstream of ATR signaling following IR.
ERK1/2 interacts ATR in MCF-7 cells
To investigate the relationship between ERK1/2 and ATR in the regulation of G2/M checkpoint, we examined their interaction in vivo using reciprocal Figure 6a and incubated for 2 h. Chk1 was immunoprecipitated from cell lysate and analysed for kinase activity using GST-Cdc25C as substrate (Chk1 activity). Chk1 levels in immunoprecipitates (Chk1 IP-WB) and in cell lysates (Chk1 WB) were analysed by immunoblotting. Phosphorylation of Chk1-Ser317 was determined by immunoblotting. (b) Wee1 was immunoprecipitated from cell lysates and assayed for kinase activity using GST-Cdc2 as substrate. Wee1 protein in kinase assays (Wee1 IP-WB) as well as in cell lysates (Wee1 WB) was determined by immunoblotting. (c) Phosphorylation of Cdc25A-Thr506 and Cdc25C-Ser216 as well as levels of Cdc25A, Cdc25C and Actin in cell lysates was determined by immunoblotting.
ERK1/2 signaling in c-irradiation-induced G2/M arrest Y Yan et al co-immunoprecipitation assays. As shown in Figure 9a , ATR protein was detected in immunoprecipitates derived using anti-ERK1/2 specific antibody and, conversely, ERK1/2 protein was detected in immunoprecipitates derived using anti-ATR specific antibody (WB: ATR and WB: ERK1/2). Furthermore, both ATR and ERK1/2 were detected in immunoprecipitates obtained from both untreated and irradiated cells. In contrast, neither ATR nor ERK1/2 protein was detected in immunoprecipitates derived using nonspecific antibody (IgG). These results suggest a direct interaction between ATR and ERK1/2 in MCF-7 cells. We also examined the intracellular distribution of ATR and ERK1/2 protein using confocal microscopy. As shown in Figure 9b , ATR and ERK1/2 were detected in both the nuclei and cytoplasm in non-irradiated cells (None, ATR and ERK1/2). Within 1 h following IR exposure, both proteins appeared to concentrate in punctate appearing loci located within the nuclei (IR, ATR and ERK1/2). Overlap studies demonstrated colocalization of ATR and ERK1/2 in the nuclei and cytoplasm of both non-irradiated and irradiated cells (Figure 9b , Merge).
Discussion
Previous studies have suggested a role of ERK1/2 signaling in G2/M checkpoint control following DNA damage (Abbott and Holt, 1999; Tang et al., 2002) . These studies show that DNA damage is associated with ERK1/2 activation and that inhibition of ERK1/2 increases sensitivity of cells to DNA damage (Abbott and Holt, 1999; Tang et al., 2002) . Recent studies from our laboratory show that BRCA1 overexpression also results in ERK1/2 activation and that this is required for BRCA1-mediated G2/M arrest in MCF-7 cells (Yan et al., 2005) . The results presented in this report indicate that IR exposure induces ERK1/2 activation in MCF-7 cells and that inhibition of ERK1/2, using specific inhibitors (U0126 and PD98059) or via downregulation of ERK1/2 expression with ERK1/2-siRNA, abrogates the IR-induced G2/M arrest. Additional studies indicate 1 and 2) or ATR-siRNA (lanes 3 and 4) and incubated for 3 days. The cells were then treated with/without 10-Gy IR, incubated for 1 h and analysed for levels of pERK1/2, phospho-Chk1-Ser317, ERK1/2 and Chk1 by immunoblotting. Figure 9 ERK1/2 interacts ATR in vivo. (a) Interaction between ERK1/2 and ATR in cell lysates was examined by reciprocal coimmunoprecipitation with antibodies against ERK1/2 and ATR, respectively. MCF-7 cells were treated with/without 10-Gy IR and incubated for 2 h. Left panel: ATR was immunoprecipitated from lysates using AB-2 antibody and analysed by immunoblotting for the presence of ATR with antibody N-19 (WB: ATR) and ERK1/2 with antibody C-14-G (WB: ERK1/2). As a control, immunoprecipitates obtained with a relative non-immunized IgG incubated with cell lysate (non-treated) were included in the analysis (lane 1). Right panel: ERK1/2 was immunoprecipitated with antibody C-16 and analysed by immunoblotting for the presence of ATR (WB: ATR) and ERK1/2 (WB: ERK1/2) as described above. As a control, immunoprecipitates obtained by incubating cell lysate with a relative non-immunized IgG were included in the analysis (lane 4). (b) Cells were treated with/without IR (10 Gy) and incubated for 1 h post IR. The cells were the fixed and co-stained with antibodies against ATR (N-19) and ERK1/2 (C-14-R). Representative images shown are the localization of examined protein visualized using specific conjugated secondary antibodies with a confocal microscope. Overlapping intracellular distribution of ERK1/2 and ATR in both untreated and irradiated cells was examined and shown as merge images (Merge).
that IR treatment results in activation of Chk1 and Wee1 and that inhibition of IR-induced ERK1/2 activation completely abolishes both Chk1 and Wee1 activation following IR. Inhibition of ERK1/2 activity also results in diminution of IR-induced phosphorylation of Cdc25A-Thr506, Cdc25C-Ser216 and CdcTyr15, indicating that ERK1/2 signaling is necessary for IR-induced G2/M checkpoint activation. As G2/M transition of the cell cycle requires Cdc2/ Cyclin B activity, we also assessed the effect of ERK1/2 inhibition on proportion of mitotic cells following IR treatment. The results show that the marked decrease in mitotic cells within 1 h post IR was significantly inhibited by inhibition of ERK1/2. Furthermore, although previous studies indicate that IR can also induce G1 arrest (Iliakis et al., 2003) , we observed no increase in the proportion of MCF-7 cells in G1 following IR (data not shown). Other studies have reported the absence of IR-induced G1 arrest in MCF-7 cells, indicating that these cells may have a defect in G1 checkpoint control (Nagasawa et al., 1998) .
Previous studies indicate that ATM/ATR play important roles in DNA damage checkpoint response (Iliakis et al., 2003; O'Connell and Cimprich, 2005) . Studies in this report demonstrate that both ATM and ATR are activated following IR treatment of MCF-7 cells and that inhibition of ATM/ATR by caffeine resulted in loss of IR-induced G2/M arrest. Although inhibition of ERK1/2 abolished IR-induced ATR activation, ERK1/2 inhibition had little, if any, effect on IR-induced Chk2-Thr68 phosphorylation and only a partial inhibition of IR-induced p53-Ser15 phosphorylation. Whereas previous studies have indicated that Chk2-Thr68 phosphorylation is mediated by ATM kinase (Ahn et al., 2000; Matsuoka et al., 2000) , p53-Ser15 is a common phosphorylation site for both ATM and ATR (Ward and Chen, 2004) . Thus, IR-induced ERK1/2 activation is apparently necessary for the subsequent activation of ATR kinase but may have little, if any, role in the activation of ATM kinase following IR exposure. Conversely, inhibition of ATM/ ATR activation by caffeine or decreased ATM or ATR expression following transfection of cells with siRNA targeting ATM (data not shown) or ATR (Figure 8b ) had no effect on IR-induced ERK1/2 activation. Thus, IR-induced activation of ERK1/2 does not require activation of ATM or ATR. The observation that ERK1/2 activation is necessary for IR-induced ATR activation suggests the possibility of an interaction between these two proteins. Indeed, reciprocal coimmunoprecipitation and immunofluorescence assays indicate an association between ERK1/2 and ATR in MCF-7 cells.
The results in this report indicate that ATR expression is essential for IR-induced phosphorylation of Chk1-Ser317 and concomitant G2/M arrest in MCF-7 cells. This is consistent with previous studies, which showed that IR exposure induces rapid activation of ATR and that activation of Chk1 by ATR is essential for the DNA damage-induced G2/M checkpoint activation (Zhao and Piwnica-Worms, 2001 ). Furthermore, decreased ATR expression or incubation of cells with caffeine did not affect IR-induced ERK1/2 activation. Thus, whereas both ERK1/2 and ATR signaling are necessary for IR-induced G2/M arrest in MCF-7 cells, IR-induced ATR signaling is necessary and sufficient to induce G2/M arrest. These results suggest that ERK1/2 activation is upstream of ATR signaling in response to IR-induced DNA damage.
Both Cdc25A and Cdc25C have been implicated as key regulators of Cdc2/Cyclin B activation through dephosphorylation of Cdc2 at Thr14 and Tyr15 (Kristjansdottir and Rudolph, 2004) . Previous studies have shown that induction of double strand-DNA breaks induces activation of Chk1/Chk2, resulting in subsequent phosphorylation and inactivation of Cdc25A/Cdc25C (Peng et al., 1997; Graves et al., 2001; Zhao et al., 2002; Chen et al., 2003) . Studies presented in this report demonstrate that ERK1/2 signaling is necessary for IR-induced activation of Chk1. Consistent with this observation, IR-induced phosphorylation of Cdc25A-Thr506 and Cdc25C-Ser216 in MCF-7 cells is abolished by ERK1/2 inhibition. As ERK1/2 inhibition has no effect on IR-induced Chk2-Thr68 phosphorylation, IR-induced ATM activation is apparently not dependent on ERK1/2 activation and may play a minor role in IR-induced G2/M arrest in MCF-7 cells.
Results from the present study indicate that activation of ERK1/2 as well as ATM/ATR is necessary for Wee1 activation following IR exposure of MCF-7 cells. Although incubation with caffeine did not block IRinduced ERK1/2 activation, ERK1/2 inhibition with U0126 did inhibit IR-induced ATR activation. Collectively, these results support the hypothesis that ERK1/2 activation following IR exposure is necessary for ATR activation and subsequent Wee1 activation. Furthermore, studies in yeast showed that Chk1 overexpression or UV IR resulted in Wee1 hyperphosphorylation and that Chk1 could directly phosphorylate Wee1 in vitro (O'Connell et al., 1997) . The results from the present studies indicate that Chk1 and Wee1 are concomitantly induced by IR exposure of MCF-7 cells and that induction of both kinases is abrogated by the inhibition of ERK1/2 or ATR in MCF-7 cells.
The studies presented in this report indicate that IR treatment of MCF-7 cells results in the ERK1/2 signaling activation and that this, in turn, is necessary for the subsequent activation of ATR, Chk1 and Wee1 kinases, resulting in decreased Cdc2 activity and G2/M arrest. Furthermore, studies in this report indicate a direct interaction of ERK1/2 and ATR in MCF-7 cells and suggest a primary role for ERK1/2 signaling in the induction of G2/M checkpoint response in MCF-7 cells following IR exposure.
Materials and methods
Cell culture and drug treatment MCF-7 human breast cancer cells were obtained from ATCC (Manassas, VA, USA) and maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. The detail for cell treatment is described in Supplementary Material of the publication.
Cell cycle analysis
Cell cycle analysis was carried out by fluorescence-activated cell sorting (FACS) using a FACSCalibur instrument (Beckon Dickinson, Mountain View, CA, USA) using 20 000 cells, as described in our previous study (Yan et al., 2005) .
Analysis for mitotic cells Cells were exposed to IR in the presence/absence of U0126, harvested at the indicated times and mitotic cells, which contain both 4N-DNA content and phospho-histone H3, were determined using a FACSCalibur instrument (Beckon Dickinson) as described previously (Xu and Kastan, 2004) .
Antibodies and recombinant proteins
Antibodies and recombinant proteins are described in Supplementary Material of the publication.
Immunoblotting, immunoprecipitation and kinase assay Immunoblotting, immunoprecipitation and kinase assay were performed as described previously (Yan et al., 2005 ) (see also in Supplementary Material).
siRNA transfection siRNA duplexes were obtained from Dharmacon Research Inc. (Lafayette, CO, USA). The sequences of siRNAs and methods for siRNA transfection are described in Supplementary Material.
Immunofluorescence staining and confocal microscopy Immunofluorescence staining for ATR and ERK1/2 was performed as described previously (Stewart et al., 1999) with the following differences: (1) 10% horse serum was used for blocking and 2% horse serum used for antibody dilution and (2) primary antibody incubation was performed at 41C for 16 h. The antibodies used were C-19 for ATR and C-14-R for ERK1/2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (Wellbrock et al., 2002; Dart et al., 2004) . The immuno-stained cells were analysed using Zeiss LSM510 confocal laserscanning microscope.
Abbreviations ATM, ataxia telangiectasia mutated; ATR, ATM-and rad3-related; DMSO, dimethyl sulfoxide; FACS, fluorescenceactivated cell sorting; ERK, extracellular signal regulated protein kinase; MAPK, mitogen-activated protein kinase; MEK1/2, mitogen-activated protein kinase kinase 1 and 2; pERK, phosphorylated-extracellular signal regulated protein kinase; PI, propidium iodide.
